A series of wind tunnel tests was conducted on the vibration and scattering behavior of full-sized model of roof tiles, which were used widely for roofings of Japanese wooden dwellings. This study has investigated the nature and source of the vibrating and scattering behavior of roof tiles with the aim of providing a better insight to the mechanism. The roof tiles were set up on the pitched roof in the downstream of the flow from the wind tunnel. The vibration of the roof tiles was measured by the laser doppler vibrometry and the accelerometer, and the practical natural frequency of the roof tiles was analyzed by the method of impulse force hammer test. The motions of the vibration and scattering were observed by the high-speed video camera. Based on the consideration on the results of the measurements, there is a basic mechanism which can lead to flow-induced vibrations of the roof tiles. This mechanism is that of the so-called fluttering instability, which appears as the self-excited oscillation in the natural mode of the structure at the certain critical flow speed. It is concluded that the values of frequencies of the forced vibration for the fluttering coincide nearly with the values of natural frequencies.
Introduction
This study is a research about the roof tiles which have been used for the roof of Japanese residence for the purpose of the establishment of the construction method of them. The methods of the prevention from the scattering of roof tiles have been strictly regulated against the damage of them by the strong wind by the Building Standard Law of Japan since 1999. The small scaled model roof tiles have been usually used in the conventional researches in the scattering of roof tiles. The researches in the critical velocity leading to scattering have been done about the relationship between the measurement of tile surface pressure distribution and the way of the tile floating. However, the detailed mechanism which cause the roof tile to move and to scatter from the roof have not been yet made clear. The improvement of the design or the construction method of roof tiles cannot be reached.
It is aimed to make the mechanism of traditional Japanese roof tiles scattering clear and to find the vibrations which were regarded as the cause of the scattering. The vibrations are caused by the flow-induced vibration (1) ~ (3) . Then, the wind tunnel test was conducted using full-sized model of roof tiles until the same velocity of flow in typhoon, about 50 m/s.
Nomenclature
θ：Pitch of roof ° φ：Flow angle ° U ：Wind velocity m/s X ：The coordinate axis of the mainstream direction along a tile surface Y ：The coordinate axis of a direction perpendicular to the mainstream along the tile surface Z ：The coordinate axis of a direction perpendicular to the tile surface
Experimental Apparatus and Method
The outline of the experimental apparatus and measurement instruments are shown in Fig.1 . The full length of the wind tunnel is 6000mm, and the axial flow fan is driven by the 55kW three-phase induction motor. Two different kinds of nozzles, that is No.1 nozzle and No.2 nozzle, of the wind tunnel were used in the experiments. No.1 nozzle has the 500mm × 500mm cross section, by which the maximum velocity is obtained about 50 m/s, and No.2 nozzle has the 1250mm × 400mm cross section, by which the maximum velocity is about 40 m/s. The flow velocity distribution is from ＋7% to -7% of the uniform velocity, and a turbulence intensity is less than 0.5%. The flow velocity was increased gradually from the low velocity to high velocity, and the effects of the wind on the roof tiles were investigated in the wind tunnel test. The 25 roof tiles were set up on the model roof and were arranged by 5 lines × 5 rows in the downstream of the flow. The distance was 265mm from the exit nozzle of the wind tunnel to the edge of roof tile (see Fig.1 ). This distance was changed to some extent according to the contents of the experiments. The gaps between the roof tiles and the surface of the roof were sealed by the sealant. It was also guaranteed that the flow field over the roof tile was uniform and symmetric to a certain extent. Especially, the direction of the main flow from the nozzle (1250mm×400mm) of wind tunnel was controlled so as to be aligned with the geometric center of the model roof, and the whole area of the flow field over the model roof had been always validated in a series of tests. The flow field over the roof tile was not affected practically by the shear flow in the outer edge of the main flow from the nozzle. A roof tile weights about 2.8kg. The vibrations of the roof tiles were measured by an accelerometer (ONO SOKKI NP3560, with the tri-axial measurement, length:10mm, width:10mm, height:10mm, weight:5g), an FFT analyzer (ONO SOKKI DS-0264, 4CH), and a laser doppler vibrometry (OMETORON VS 1000, 0.95mW laser output). The natural frequency of the tile was measured by an impulse force hammer. In this test, the natural frequency was measured in the both case, in which the tile was hung from the ceiling and the tile was set on the cushion. The behavior of the scatted roof tiles were recorded by a high-speed video camera (PHOTRON, highest frame rate 2000fps). In order to monitor the changes of the internal pressure in the attic, a small pressure transducer (COPAL ELECTRONICS PA-850, maximum pressure 100kPa) was attached on the back of the roof. A hot wire anemometer was used in order to measure the flow of the surface of the roof tile. Figure 2 shows the picture of the accelerometer, and Fig.3 shows the roof tile equipped with the accelerometer. The roof tile was drilled in the center of it, and was equipped with the accelerometer fixed by the thin metal plate. In order to analyze the vibration in the directions of X-, Y-and Z-axis, the frequency of the vibration was measured by the FFT analyzer. Since the accelerometer was fixed by the thin metal plate, the occurrence of contact resonance vibration must be taken into account. On the other hand, the vibration of the roof tile was measured by the laser doppler vibrometer set up 1500mm above the ground. In order to improve the measurement accuracy, the optical system was adjusted so as to maximize the reflection intensity of irradiation laser from the test object. The behavior of the scattering roof tile was recorded by the high-speed video camera. A small electrical pressure transducer was equipped on the inside of the model roof. Moreover, turbulence intensity of the flow over the surface of the roof tile was analyzed by the hot wire anemometer and the probe.
Results and Discussion

Analysis of Roof Tile Vibration
In the measurement of the roof tile vibration, the pitch of the roof, θ was set from 0 degree to 30 degrees, and the flow angle, φ was changed from 0 degree to 45 degrees. Moreover, the sampling time of the FFT analyzer was selected at 2048 points, the resolution frequency was set at 800 lines, and the frequency range was covered until 2,500Hz. The averaged smoothing wave forms were recorded in the personal computer and were analyzed. On the other hand, a remarkable peak frequency did not appear in the directions of both X-axis and Y-axis compared with the direction of Z-axis. The vibration amplitude is obtained by the accelerated velocity which is calculated by two differential of the relative displacement. In the measurement of the high frequency, it is well known that the direct measurement of the accelerated velocity is the better method than the differential of the relative displacement. In this experiment, because the vibration amplitude was measured by the accelerometer, it was related to the peak amplitude of the frequency spectrum. The amplitude of the vibration in the vertical direction on the surface of the tile appeared remarkably, and it was gradually increased when the wind velocity was increased.
The measurement of the natural frequency of the roof tile was conducted by the impulse force hammer test. The natural frequency of the roof tile was measured by both the tile hanging from the ceiling and the tile on the cushion. Figure 5 shows the outline of the test in the case of the roof tile hanging from the ceiling. The center of the roof tile hung from the ceiling was hitted by the impulse hammer. The natural frequency of tile was analyzed by using the frequency-response function and the coherence function (4) . Figure 6 shows an example of the impulse force hammer test results. In the analysis of the frequency response function, the one of the peak frequency was 478Hz and the other frequency of 1.52 kHz was also found. The coherence function was strongly correlated with the frequency response function. The peak frequency appeared just before scattering in Fig.4 (b) coincided almost with the natural frequency of the roof tile measured by the impulse force hammer test. The frequency of the roof tile was measured by the laser doppler vibrometry in order to check the result of the vibration analysis based on the data obtained by the accelerometer measurement. As a result, the significant difference was not found within the range of the error of measurement. The measurement by using the laser doppler vibrometry has the advantages of the non-contact measurement and the elimination of the added mass due to the accelerometer itself. However, it is difficult to get the correct signals from the reflected laser beam in the target point on the roof tile because of the gradual increase of the vibration amplitude of the roof tile. On the other hand, because the accelerometer is attached directly to the vibration object in measuring, it is necessary to take the effect of the contact resonance into account. The both frequencies of 475Hz and 47Hz in measurements were the much lower than the unique frequency of the contact resonance of the accelerometer. It should be very careful to eliminate the effect of the contact resonance in the test by using the accelerometer.
Flow over Surface of Roof Tile
In order to measure the flow over the surface of the roof tile, the flow angle was set at 90 degrees and the pitch angle of the model roof was set at 0 degree. The object tiles were arranged in 5 lines × 6 rows downstream from the nozzle of the wind tunnel. Figure 7 shows the each position of the accelerometer and the hot wire probe, and the results of the experiments. The measurements of the flow were conducted by the hot wire probe, and the distances from the surface of the roof tile to the tip of the probe were changed from 2mm until 20mm. Both the output signals from the accelerometer and the hot wire anemometer were very small in the low velocity of the flow. As the wind velocity was gradually increased, the remarkable peaks of the frequency spectrum from the accelerometer were found (see Fig.4 (b) ). On the other hand, any peaks of the frequency spectrum from the hot wire could not be observed, but the random frequency spectrum from the low to the high frequency were found. Therefore, the flow over the surface of the tile was very turbulent.
Moreover, a single tile was set downstream from the nozzle of the tunnel (θ=0 degree, φ=90 degrees), and the flow over the surface of the tile was measured by the hot wire probe (see Fig.8 ). The hot wire probe was set up 40mm apart from the edge of the roof tile and 2mm above the surface of the tile. Any remarkable peaks of the frequency spectrum could not be observed in the flow over the surface of the single roof tile shown in Fig.7 . Many frequency spectra appear at random in the range from low to high frequency, and then the flow was not uniform and very turbulent. By the measurements of the accelerometer, it was observed that the flow-induced vibration, that is "buffeting", was caused due to the interaction between the flow fluctuation and the mass of the tile. The random frequency spectra appeared as the many peaks of the frequencies depending on the wind velocity and the turbulence intensity. Many vortices were shedding from the edge of the tile. The frequencies of these shedding vortices are theoretically proportional to the wind velocity. These vortices could not be clearly detected by the hot wire anemometer because of the high levels of the background turbulence in the main flow or in the boundary layer. The detailed mechanism will be furthermore analyzed in the future work. It is thought that the amplitude of the self-excited vibration grow larger as the natural frequencies of the roof tile vibration correspond to the frequencies of the vortices shedding from the roof tile. The flow is separated from the edge of the tile because the cross-sectional form of the tile is S-shaped and bluff. The re-attachment type flow, which separates from the edge and impinges on the surface again, is formed over the surface of the tile due to the cross-sectional form of the tile. The re-attachment type flow is particularly sensitive to the motion of the vibration of the tile. It is thought that the flow field is very complicated in the structure around the edge and over the surface of the roof tile because the re-attachment type flow is encouraged by the motion of the vibration and breaks down through the down stream. It will be examined in the near future the relationship between the detailed behavior of the flow field around the edge and over the surface of the tile and the remarkable peaks of the vibration spectra obtained by the accelerometer.
Vibration and Scattering of Roof Tile
In a series of wind tunnel tests, the pitch angle of the model roof was set at from 0 degree to 30 degrees, and the flow angle was changed from 0 degree to 45 degrees. Figure 9 shows an example of the results of the simultaneous measurements by using two accelerometers (see symbols ① and ② shown in Fig.9 ) separated from each other. The five roof tiles in the down stream were bolted, and it was examined whether these bolted roof tiles could resist the strong wind. Only one bolt is not enough to fix the roof tile since the tile itself is unstable, so the vibration of the tile occurs as the wind velocity increases. When the wind velocity reached 39m/s in this test, the so-called "fluttering" which appeared with the large amplitude of the vibration of the roof tile showed by the symbols of Fig.9 . Two frequencies measured by the two accelerometers were 490Hz and 475Hz respectively in Fig.9 . In the case of φ=0°, the fluid impinging on the inclined roof was not only flowing downstream but also splitting into both sides of the roof. These behavior of the flow was observed by the oil film method. The fluid flows across the edge of the neighboring roof tiles are, therefore, analogous to these shedding vortices described in section 3.2.
The results in which the flow angle was changed are indicated in both Fig.10 and Fig.11 . The pitch angle of the roof was set at 27 degrees in both cases. The 9 roof tiles were bolted in these cases. Figure 10 shows the results in which the flow angle was set at 13 degrees. The small amplitude of vibration of the roof tiles appeared at first, the amplitude was growing gradually larger, and then, two roof tiles were scatted at the wind velocity of 40.0m/s (see the symbols of lattice patterns showed in Fig.10 ). The peak frequency of 491Hz was recognized in the direction of Z-axis in the power spectrum of vibration. Two vibration frequencies of 69Hz and 1.5kHz were also found in this direction, while the vibration frequency of 443Hz was only recognized in the direction of Y-axis. Figure 11 shows the results in which the flow angle was set at 20 degrees. It was found that the flow field near the surface of the tile was very fluctuated locally due to the vortex and turbulence generated around the edge of the roof tiles by the measurements of the hot wire. The roof tiles clattered at first, and they were buffeted by the velocity fluctuation of the wind, and then, they fluttered about in the wind, and finally, they were scattered at the velocity of 35.0m/s. The peak frequency of 483Hz was recognized in the direction of Z-axis, and the peak frequency of 275Hz was also found in the direction of Y-axis in the power spectrum of vibration. The roof tiles were scattered in the flow velocity of 40.0m/s at the flow angle of 13 degrees (see Fig.10 ).
When the flow angle was increased to 20 degrees, the critical flow velocity in which the tiles were scattered was decreased until 35.0m/s (see Fig.11 ). These test results showed that the tiles locally arranged at the back and right side of the roof were often buffeted and scattered by the strong wind. It was considered that the roof tiles locally arranged at the back and right side of the roof should be bolted in order to prevent the fluttering and scattering of the tiles because they were very weak against the strong wind. This reason perhaps may be due to the right-and left-asymmetry of the cross-sectional form of the tile and the way of the arrangement of the tiles on the model roof. The flow of the wind soon penetrated into the inside of the model roof through the gaps between some roof tiles due to their arrangements at the flow angle of 20 degrees. Because the internal pressure in the space between the attic side and the roofing board became higher than the external atmospheric pressure, the some tiles were lifted up by the internal higher pressure and finally were scattered from the roof as a result. On the contrary, the lifting-up and scattering of the roof tiles could be avoided at the flow angle of the counter-angle of 20 degrees, that is -20 degrees, because the flow could not penetrate into the internal space due to the arrangement of the tiles. Figure 12 shows the influence of the flow angle on the onset velocity in which the 15 Lifting up of roof tiles due to wind action by high-speed video camera at θ=29 ﾟ, φ=0 ﾟ and U=42.0m/s. Images are acquired at 2,000 frames per second tile begins to scatter. As the flow angle was gradually increased, the onset velocity of the flow in which the fluttering and the scattering were occurred was decreased at the constant pitch angle of the roof. Figure 13 shows the influence of the pitch angle of the roof on the onset velocity in which the scattering of the tiles occur at the flow angle of 0 degree. The critical velocity in which resulted in the scattering of the tile was U=47.0m/s at the pitch angle of θ=13 degrees, while the critical velocity was U=42.0m/s at the pitch angle of θ=29 degrees. The roof tiles on the lower pitched angle of the roof were indicated to resist the fluttering and scattering in the even higher velocity of the wind, while they were shown to be often buffeted and scattered by the lower critical velocity at the higher pitched angle. It is necessary to discuss comprehensively the influence of the pitch angle on the flow conditions over the ridge of the roof. Hazelwood (5) and Kramer (6) showed that the mechanism which caused the lifting-up and the scattering of the tiles depended on the balance between the internal pressure of the room inside the roof and the external pressure of the flow over the tiles on the roof. The rise of the internal pressure in the model attic, that is, the space under neath the roof, was recognized by the small pressure transducer until the tiles were scattered in this test (see Fig.14) . The external pressure is generated by the flow over the surface of the roof. The rise of the internal pressure caused by the penetration into the room inside the attic through the gaps between some tiles brings the tiles to lift up and scatter. A series of pictures taken by the high-speed-video-camera is shown in Fig.15 . The occurrence of the cluttering of the tiles is shown in picture 1, the flutterings of the tiles are shown in picture 2 through picture 9, and the detailed mechanisms of the behavior of the tiles in the scattering are shown in picture 10 through picture 16.
Conclusions
The occurrence of the vibration of the tiles prior to the scattering is focused in this research, and the mechanism of the scattering has been analyzed by the wind tunnel test. As a result, the following items have been obtained.
(1) The vibration frequency of the tile prior to the scattering coincided nearly with the natural frequency obtained by the impulse force hammer test method. (2) As the flow angle was gradually increased, the onset velocity of the flow in which the fluttering and the scattering were occurred was decreased. Moreover, test results showed that the tiles locally arranged at the back and right side of the roof were often buffeted and scattered by the strong wind. (3) With regard to the effect of the pitch angle of the roof, the roof tiles on the lower pitched angle of the roof were shown to resist the fluttering and scattering in the even higher velocity of the wind, while they were shown to be often buffeted and scattered by the lower critical velocity at the higher pitched angle of the roof.
